A new method to recognize human transferrin (Tf) conformations was developed using a cyanine dye supramolecular assembly. We achieved detection of the open conformation of Tf (apo-Tf) in a submicromolar level against the closed one (holo-Tf). As a protein conformational probe, it's promising to monitor the transition between the two conformations of Tf.
The function of proteins is based on their particular tertiary structure and their conformational transition, in return, the microstates will reect the external conditions of proteins. Therefore, it is necessary to observe the protein conformations through a more direct and simple way. Human transferrin (Tf) is an iron-binding blood plasma single-chain glycoprotein ($80 kDa), consisting of two specic high affinity Fe 3+ binding sites. It plays a major role in binding and delivering iron into cells with the specic transferrin receptor (TfR) via a receptormediated endocytosis process. 1 Under physiological conditions, Tf has two states: non-iron-bound transferrin termed as apo-transferrin (apo-Tf) and an iron-bound state termed as holo-transferrin (holo-Tf). X-ray crystal structures of transferrin family members reveal that Tf has three different states. The apo-Tf is in the "open conformation" 2 while, upon binding two Fe 3+ ions, the protein adopts a structure what is designated as the "closed conformation" of holo-Tf, 3 and human serum Tf (hTf) saturated with 30% Fe 3+ exhibits a mixed state of open,
closed and partially open conformations. 4 The conformations of Tf are crucial for its biological function. It is closely related to TfR recognition. The ligand-receptor interaction between Tf/ TfR leads to iron up-take by internalization of transferrin.
5
Some new kinds of functionalized materials were also developed recently by utilizing the Tf conformational exchanges.
6
Although identifying and monitoring the Tf conformation is of importance in broad researching area, so far, the characterization methods of Tf conformation are limited. X-ray crystallography 4,7 and NMR, both of which require large quantities of sample materials, are known to provide accurate structural information. But the former informs only one static conformational state under the proper crystallization conditions while the latter is complicated to big protein data interpretation. are also common investigating methods. But the spectral signals in UV band are nonspecic and easily inuenced by endogenous noise. And in the case of CD spectroscopy, its detection sensitivity may not meet the demands. Here, we provide a simple and effective detecting method for the analysis of Tf conformation in solution systems. Cyanine dye as a kind of excellent probe is used widely in biomacromolecular recognizing, labeling and detecting.
10 Owing to the extended planar p-electron-conjugated system, cyanine dyes have the ability to assemble into various supramolecular aggregates spontaneously or be induced by the target. Moreover, the aggregates stabled by the van der Waals forces are delicate and easily inuenced by the surrounding environment. Bio-macromolecules have unique 3D structure and regular charge distribution, making them become good templates to regulate the assembly state of cyanine dye. In turn, the assembly state of cyanine dye can reect the slight conformational change of bio-macromolecules, including oligonucleotides,
oligopeptides, 12 and proteins.
13
Owing to the planar naphthalene-thiazole, cyanine dye MTC (3,3 0 -di(3-sulfopropyl)-4,5,4 0 ,5 0 -dibenzo-9-methyl-thiacarbo-cyanine triethyl-ammonium salt, shown in Fig. 1 
10a,14
When considering MTC could interact with hTf strongly in our previous work 15 which presented a high affinity K a $ 10 9 M À1 , adding apo-and holo-Tf (0.4 mM), respectively, into MTC dimers (5 mM) gave rise to an unexpected phenomenon (Fig. 1 ). As shown in Fig. 1 , the addition of apo-Tf induced the decrease of MTC dimers around 530 nm while appearance of a new strong peak at 660 nm, assigned to MTC J-aggregates.
10a,14 Meanwhile the apparent solution color notably changed from pink to blue, corresponding to the changes of MTC assembly states. For holo-Tf, either the absorption spectra or apparent solution color had much weaker change. Thus, we speculated that MTC J-aggregates could be a specic response signal to recognize apo-Tf with the unique "open conformation". In order to verify this idea, the detailed analysis of MTC absorption changes induced by different concentrations of apo-Tf (Fig. S2 †) and holo-Tf (Fig. S3 †) in submicromolar were investigated, respectively.
Further, we discussed the results in detail, the concentrations of apo-Tf and holo-Tf are correlating well with the signature peaks on the absorption spectra. To eliminate the inuence caused by the different concentration of protein, we chose the absorbance ratio A 660 nm /A 279 nm as the detecting signature of MTC (Fig. S4 †) . Fig. 2 shows the job plots of MTC J-aggregate signals (A 660 nm /A 279 nm ) against the concentrations of apo-Tf and holo-Tf, respectively. As the apo-Tf increased, the dimer dropped off gradually and A 660 nm /A 279 nm increased following slightly decrease of over-saturation in 0.4-1 mM. Interestingly, the A 660 nm /A 279 nm signals in the range of 0-0.4 mM can be tted into an exponential curve (R 2 ¼ 0.9946). The limit of detection (LOD) of apo-Tf reached to around 10 nM (shown in Fig. S5 †) . In the case of holo-Tf, even though up to 1 mM, it hardly induced observable A 660 nm /A 279 nm signal. It is indicated that apo-Tf has the ability to induce MTC assembly from dimers to J-aggregates, while holo-Tf scarcely. It is well known that apo-Tf is in "open" conformation. When binds with two iron ions, the conformation of Tf would change from "open" to "closed" (holo-) and its ability to induce MTC assembly dramatically decreased. Therefore, MTC J-aggregation could be regarded as a response signal to tell apo-Tf from holo-one, which means MTC has the potential ability to be a conformational probe for Tf. Based on the above results, MTC not only has the specic ability to recognize two different conformations of Tf (apo-or holo-) via the J-aggregates signature (A 660 nm /A 279 nm ), but also can quantitatively detect the apo in sub-micromolar level. CD spectroscopy is a popular method to detect chiral biomacromolecules, such as proteins 8c,9 and nucleic acids. 11, 12 It is well known that holo-Tf would present a negative CD signal at 460 nm while apo-one no ( Fig. S6 and S7 †) . This unique signal was widely used to discriminate the conformation of Tf.
8c,9
However, as we mentioned above, the sensitivity of CD spectroscopy is relatively low. In the case of MTC, since apo-Tf could induce the formation of MTC J-aggregates, one protein can gather much more MTC molecules and provide much higher signals. Owing to this assembly-amplied strategy, we could reveal a tinier amount of 10 nM apo-Tf, about 1500-fold lower than the conventional CD detection limit (15 mM in our experimental condition) (Fig. S8 †) . Besides, the absorption signal of MTC locates in visible band, which could be easily determined through spectrophotometer or observed using naked eye.
In order to further test this method, we carried out three experiments to support our ideas. Firstly, we applied the method into articial mixtures of apo-/holo-Tf to test the detecting ability of MTC because Tf tends to stay as a conformational mixture in real organism, although Tf folds in certain single conformation in the solution. In our experiments, we mixed apo-and holo-Tf under different ratios with the total protein concentration at 1 mM (Fig. S9 †) . Fig. 3a is about the job plot of A 660 nm /A 279 nm against the concentration ratios of apo-/ holo-Tf. Similar as apo-Tf alone, MTC J-aggregates signals also induced by the increase of the percentage of apo-in the mixture system. When the percent of apo-Tf up to 80%, the J-signal arrived to saturation which suggested the presence of holo-Tf had no inuence on the detection process. Moreover, the regression analysis of A 660 nm /A 279 nm also t a standard exponential curve (R 2 ¼ 0.9946) and the LOD is around 2% (Fig. S10 †) . In this case, the curve shown in Fig. 3a could be regarded as a standard curve to calculate the concentration ratio of apo-/holo-Tf precisely in any Tf conformational mixture. In order to directly observe the variety and difference of MTC Jaggregates in different solution system, the Fig. 3b give a good insight into the specic recognizing ability of MTC Jaggregates to apo-Tf. Notably, the detecting ability of MTC Jaggregates in the articial mixture system of apo-and holo-Tf is nearly equal to in the pure single apo-Tf system. Secondly, the interaction between MTC and natural hTf also had been studied to further applied MTC into practical application. In normal human serum, Tf averagely with 30% saturation of Fe 3+ (hTf) belongs to natural mixture of conformation.
The detailed titration absorption spectra were shown in Fig. S11 (see ESI †). It has been proved that apo-Tf with two unoccupied lobes has the strong ability to induce MTC J-aggregates while holo-Tf hardly. It is reasonable to expect that 30% Fe saturated hTf would present medium ability to induce MTC J-aggregation. As predicted, the job curve of MTC J-aggregate signal (A 660 nm / A 279 nm ) with hTf (black solid line) is in the middle of those with apo-(dash dot line) and holo-Tf (dash line) (Fig. S12 †) . Similar with the case of apo-Tf, the job curve of hTf also was tting exponential curve (R 2 ¼ 0.9665). The results suggest that MTC
can also be applied to detect Tf in a dynamic balance under the certain ratio of protein to iron ion. MTC is promising to apply in the detection the conformational change of Tf.
It is worthy to mention that the limited uorescence assay can only determine the absolute amount of Tf. Usually it is hard to know the exact amount of apo-or holo-protein among the whole mixture under the real condition. For MTC, however, it provides a relative conformation ratio between apo-and holostates, rather than the absolute amount. In this case, MTC can reveal the Tf conformational information by detecting the total Tf protein amount (which is much easier to determine in practical), rather than the amount in specic conformation.
Conclusions
In short, we constructed a novel MTC supramolecular assembly as an excellent probe to specically recognize, quantitatively detect and monitor the conformation of Tf relying only on absorbance as the detection method. Based on the unique supramolecular assembly properties, MTC assembly reects these advantages: (1) to recognize apo-Tf against holo-Tf in submicromolar level; (2) to determine the apo-/holo-ratio in Tf conformational mixture and the LOD is around 2%; (3) to make the detection of Tf conformational change be possible by a simple method. The probe design based on assemblyamplied signal strategy shows broad application prospects in bio-macromolecular detection. Further, this detecting method will gradually extend to cells or actual serum samples, expected as a clinical detection index for the transportation of target.
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